We describe the characterization of the zebra®sh homologue of the human gene DLG3. The zebra®sh dlg3 gene encodes a membraneassociated guanylate kinase containing a single PDZ domain. This gene was cloned using a gene-trap construct inserted in the gene's ®rst intron. The insertion co-segregates with a viable mutation called humpback (hmp), which leads to formation of ankylotic vertebrae in adult ®shes. Insertion and mutation have both been mapped to chromosome 12, in a segment which is syntenic with region p12 to q12 of human chromosome 17. The hmp mutant phenotype, however, appears to be due to two point mutations in the guanylate kinase domain rather than to the transgene insertion itself. The results of this study are discussed in the light of the possible function of the guanylate kinase domain. q
Introduction
Factors implicated in linking membrane receptors or ion channels to the cytoskeleton have been found to constitute a protein family with highly related representatives in species as diverse as Caenorhabditis elegans, Drosophila and man (Woods and Bryant, 1991; Willot et al., 1993; Hoskins et al., 1996) . These proteins are called membrane-associated guanylate kinases (MAGUKs; Woods and Bryant, 1993) and are located subcellularly at junctional structures of epithelial cells (tight junctions in vertebrates, septate junctions in insects; Woods and Bryant, 1991; Itoh et al., 1993) . Major functional importance is attached to such sites of close cell-cell contact (Citi, 1993 , for a review; Kirkpatrick and Peifer, 1995) where complexes of proteins involved in intercellular signalling are localized (for a review, see Woods and Bryant, 1993) .
Mutations in the Drosophila gene lethal(1)discs large, which encodes the MAGUK protein DlgA, lead to disruption of septate junctions in epithelial cells of imaginal discs and to a loss of cell polarity, demonstrating that MAGUKs can be essential for proper assembly and/or maintenance of junctions . In addition, MAGUKs are also believed to act as tumour suppressor proteins and to participate in control of proliferation, since lethal(1)discs large mutations are associated with neoplastic growth of imaginal disc cells and the loss of epithelial organization (Woods and Bryant, 1991) . Besides these functions in epithelial cells, MAGUK proteins also play an important role at synaptic junctions, in insects as well as in vertebrates, by controlling the release of neurotransmitters from synaptic vesicles (Budnik et al., 1996) .
MAGUK proteins are structurally characterized by four types of conserved domains. At the amino-terminal end there are either one or three copies of a PDZ domain, in the center of the protein an SH3 region and the typical MAGUK HOOK motif are found; at the carboxy-terminal end is a guanylate kinase domain. Some representatives contain, in addition to these, an amino-terminal domain similar to Ca and constitute a subfamily called CAMGUKs (Dimitratos et al., 1997) . The number of PDZ (derived from rat synaptic protein PSD-95, the Drosophila Discs large (Dlg) gene product and the human protein ZO-1; see Saras and Heldin, 1996 , for a review) domains allows one to classify MAGUK proteins into either Dlg-related (three copies) or p55-related proteins (one copy). Functional studies have shown that the PDZ domain is able to bind to transmembrane receptors or ion channels and causes them to become clustered (Kim et al., 1995; Tejedor et al., 1997) . Also the SH3 and HOOK domains are implicated in protein-protein interactions. While biochemical analyses and studies in transgenic¯ies show that the HOOK domain is essential for correct subcellular localization of a MAGUK to the membrane (Hough et al., 1997) and demonstrate its binding to actin-associated proteins like protein 4.1 or ezrin (Lue et al., 1994; Marfatia et al., 1995) , the SH3 domain is known to be important for targeting further signalling components to the membrane (Bar-Sagi et al., 1993; Cohen et al., 1995) .
The domain at the carboxy-terminal end shows similarity to the yeast guanylate kinase that catalyzes conversion of GMP to GDP using ATP as phosphate donor (Miech and Parks, 1965) . However, while MAGUKs are indeed able to bind GMP (Kistner et al., 1995) , it is generally believed that they lack catalytic activity (Woods and Bryant, 1993; Hough et al., 1997) . Instead, this domain seems to be required to bind other proteins Brenman et al., 1998) .
The strong structural conservation as well as their congruent subcellular localizations in different animal phyla suggest a similar functional conservation of MAGUK proteins. Indeed, the phenotype of a mutation in a MAGUK coding gene in transgenic¯ies can be rescued by the appropriate mammalian homologue (Takahisa et al., 1996; Thomas et al., 1997) . While lots of data from biochemical and cell culture studies are available, information about the effects of mutations in vertebrate MAGUK genes that could elucidate their in vivo function directly is scarce (Hoover et al., 1998; Laverty and Wilson, 1998) .
Here we report the characterization of a zebra®sh MAGUK gene containing a single PDZ domain, which was cloned using an inserted gene-trap construct as an entry point. The insertion is located in the gene's ®rst intron and co-segregates with a viable mutation called humpback (hmp), which affects the body shape of larvae and leads to formation of ankylotic vertebrae in adult ®shes. However, the mutant phenotype appears to be due to two point mutations in the guanylate kinase domain rather than to the transgene insertion. Sequence homology, the positions of identi®ed introns as well as the synteny in the chromosomal segment to which the gene was mapped identi®es it as the ®sh homologue of the human gene DLG3 (Smith et al., 1996) and its recently cloned mouse counterpart (Lin et al., 1998) . The results of this study provide clues to the function of p55-related MAGUKs in vertebrates and to the role of the guanylate kinase domain.
Results

A recessive mutant phenotype that cosegregates with a transgene insertion
Heterozygous transgenic F1 siblings carrying insertions of a 4.6 kb DNA fragment of the mouse gene-trap vector pGTi (Schuster-Gossler et al., 1994; see Fig. 7 and Section 4) were crossed inter se to obtain homozygous F2 ®sh, and these were screened for possible mutant phenotypes. In one of the lines a recessive mutant phenotype was observed to cosegregate with the lacZ construct (line da). In this line, 25% of the F2 individuals showed a typical ventral bending of the tail, in severe cases also of the trunk, which appeared after about 30 h post fertilization (pf), the time when the developing tail normally starts to straighten (Fig. 1) . Affected individuals can only swim in tight circles. Despite this obvious handicap, embryonic viability is not directly impaired, as the number of hatching homozygotes corresponds to expectation. However, larval vitality is impaired, as only about 10% of the homozygotes can be raised to adulthood. Adult mutants retain malformations in their axial skeleton which cause bending of the vertebral column (Fig. 2B) . Skeletal preparations reveal tail bending to be associated with aberrant vertebral morphology, e.g. tilted vertebral bodies, abnormally formed hemal or neural arches (Fig. 2F,I ), and in more severe cases fusions of several vertebrae (ankylosis; Fig. 2D ,J). With reference to the humpbacked body shape of adult ®shes we propose to call the mutation`humpback' (hmp). Although homozygotes generally do not give rise to progeny, crosses of mutant siblings can in principle result in a few fertilized eggs. Embryos derived from homozygous mutant parents show the same phenotype as embryos derived from heterozygous parents, suggesting that hmp has no maternal effect. Using appropriate molecular markers and histological sections, we tried to follow the development of the mutant phenotype. We could not identify any regions with abnormal cell death in hmp mutant embryos. Early development of notochord and somites appears normal, as monitored by whole mount in situ hybridization with ntl, her1, myoD, twi and pax-9 probes. Finally, no obvious defects were observed in the neuron pattern of pharyngula stage embryos stained with the monoclonal antibody zn12 (not shown).
PCR and dot blot analyses con®rmed that hmp mutants always carry the lacZ construct insertion. All animals previously identi®ed as mutants, i.e. 41 tested in dot blots and another 212 by PCR, carried the insertion, whereas only two thirds of their siblings with wild-type phenotype were positive for the insertion (data not shown). We followed the cosegregation of insertion and mutation for six generations. In each generation, we cross-checked whether wild-type ®sh ®rst identi®ed as heterozygous transgenics gave rise to mutant offspring, and, vice versa, whether individuals ®rst identi®ed as heterozygous for the hmp mutation were also transgenic. We invariably found this to be the case. After restriction of genomic DNA with EcoRI, Southern blotting and hybridization with a labeled probe derived from the 3 H region of the lacZ construct, a RFLP indicative for the transgene insertion was discovered. This polymorphism enabled us to show that the lacZ insertion is always present in the homozygous condition in hmp mutant individuals (Fig. 3 ). All these data indicate that insertion and mutation are tightly linked.
Genetic mapping of insertion and mutation in the transgenic line da
With the aid of polymorphic molecular markers, both insertion and mutation were mapped to determine their chromosomal localization and assess their genetic relationship in more detail. PCR on batches of haploid embryos derived from an appropriate mapping cross identi®ed a polymorphic 800 bp fragment ampli®ed by RAPD marker 15N to map close to the insertion site. The segregation behavior of 15N.800 was assessed in single haploid embryos (Fig. 4) and the genetic distance between polymorphism and transgene insertion was calculated to be about 4.1 cM (Table 1) .
Since haploidy is associated with phenotypic traits similar to those of the hmp mutation, it was not possible unambiguously to monitor the recombination behavior of marker 15N.800 and the hmp phenotype in the haploid population and to compare the segregation of the mutant phenotype to that of 15N.800 directly. Therefore, we calculated the recombination frequency of marker 15N.800 in a population of diploid, hmp homozygotes. In these animals, a genetic distance of about 1.4 cM between mutation and RAPD marker was determined (Table 1) . Taking the margin of error into account, this result is compatible with the distance established between insertion and 15N.800.
In order to obtain a more detailed picture of the genetic relationship between insertion and mutation, the marker 15N.800 was integrated into the genetic map of the zebra®sh genome (Postlethwait et al., 1994; Johnson et al., 1996) and assigned to linkage group 12, about 31 cM from the centromere, between embryonic a hemoglobin 1 and the gene for supervillin (Fig. 5) .
After identifying the chromosomal location of 15N.800, the segregation behavior of the neighboring polymorphic CA-repeat marker z4188 was tested in relation to insertion and mutation. We estimated a distance of 2.8 cM between insertion and z4188 in haploids, and a distance of 7.4 cM between mutation and z4188 in diploids (Table 1) .
Furthermore, the order of polymorphic markers, insertion and mutation on the chromosome was deduced by determining the exact genotype of recombinants. In the absence of recombination, PCR on DNA from individuals with the insertion/mutation chromosome neither results in an 800-bp fragment ampli®ed by RAPD primer 15N nor in a 250-bp fragment ampli®ed by the z4188 primers. Conversely, individuals that do not have the insertion/mutation chromosome display these PCR fragments. Recombinants either display the 800-bp fragment generated by 15N or the z4188 250-bp fragment, but never both together. Disregarding double cross over events, which are expected to be very rare in such a small chromosomal segment, this indicates that insertion and mutation must both be located between 15N.800 and z4188, in the vicinity of the zebra®sh gene for supervillin (Fig. 5 ).
Molecular characterization of the genomic region around the insertion site
Small¯anking genomic fragments on both sides of the inserted lacZ construct were cloned by inverse PCR and veri®ed by Southern blot analysis and sequencing. These fragments served as probes for screening a genomic library of wild-type zebra®sh DNA. Three overlapping phage clones covering a genomic region of about 23 kb around the insertion site were isolated and restriction fragments representing 7.5 kb of this segment were subcloned.
By comparing the sequences of the fusion fragments generated by inverse PCR on DNA from transgenic ®shes and the corresponding clones derived from the wild-type library a small 15 bp deletion was found at the insertion site in the DNA of the da line (Fig. 6) . Interestingly, the deletion removes a genomic recognition site for the restriction enzyme BglII, one of the enzymes coinjected with the DNA construct in the experiments that gave rise to the da transgenic line (see Section 4).
To identify transcription units located in this region we screened a cDNA library from 20-to 28-h-old zebra®sh embryos, using genomic subfragments covering of about 4 kb on either side of the insertion point. Three cDNAs were identi®ed; two hybridized to a fragment upstream of the inserted lacZ construct (cDNAs B and G), and one to a fragment located downstream (cDNA F; Fig. 7 ). Sequence analysis of cDNAs B and G revealed that they do not contain any open reading frames longer than 100 bp and therefore most probably represent untranslated regions of the corresponding transcripts. These two cDNAs crosshybridize and share a 1.1-kb segment of sequence similarity with one of the genomic subfragments used to isolate them; this segment is missing from the inverse PCR fragment generated on the 5 H¯a nk of the inserted lacZ construct (Fig. 7) . However, comparison of the two cDNAs and the genomic subclone shows that the segment displays up to 10% polymorphism, due to single base pair exchanges or small deletions, different for each of the clones. The crosshybridizing segments are¯anked by 10-bp inverted repeats, possibly bordered by 3-bp direct repeats. A database search failed to uncover any similarity with known sequences, but these ®ndings suggest that the 1.1-kb segment represents a new repetitive element, perhaps a non-autonomous mobile element, of the zebra®sh genome. Since they do not share any other sequence similarity to the genomic fragment, the two cDNAs are unlikely to be derived from transcription units located near the insertion site, and can be excluded from further consideration.
In contrast, cDNA F corresponded to the insertion region (Fig. 7) . About 900 bp from the insertion site, a small exon of 120 bp, bordered by nearly perfect splice consensus sequences, was identi®ed by sequence analysis and Southern hybridization. Precisely the same sequence is found on a subfragment of the genomic phage clones, as well as on one of the inverse PCR fragments. It is located at the 5 H end of the 4.3 kb cDNA and belongs to a 1728-bp ORF starting with an ATG 10 bp downstream from the beginning of the cDNA. A database search for homologues of the 576-amino acid protein encoded by this ORF revealed a strong sequence similarity to several members of the family of membrane-associated guanylate kinases (MAGUKs). As with other MAGUKs, the product encoded by cDNA F exhibits three different functional domains, an amino-terminal PDZ domain, a central SH3 domain and a carboxyterminal guanylate kinase domain.
The degree of sequence similarity, the positions of three identi®ed introns and its genomic localization (see Section 3) identi®es the gene represented by cDNA F as the zebra®sh homologue of the human DLG3 gene (Smith et al., 1996) and mouse Dlgh3 (Lin et al., 1998) . We refer to it below as zebra®sh dlg3. This gene encodes only one PDZ domain and therefore belongs to the class of p55-related MAGUKs. As reported for the human and mouse homologues, also zebra®sh dlg3 lacks the cluster of positively charged residues (5-lysine motif) typical of the HOOK domain, which may be essential for binding to protein 4.1 (Marfatia et al., 1995) ; this supports the assumption that the dlg3 subfamily differs signi®cantly from other MAGUKs (Lin et al., 1998) .
Because of the strong conservation between zebra®sh dlg3 and the human DLG3, we are con®dent that the translational start site in cDNA F is the true initiator, even though it is located just 10 bp from the beginning of the clone. We could not identify any other exons of zebra®sh dlg3 in the phage clones covering 23 kb around the insertion site. Therefore, the gene seems to stretch over a large genomic region, some of the exons being separated by large introns.
Transcription of zebra®sh dlg3 in wild-type and hmp mutant embryos
The transcription pattern of zebra®sh dlg3 during development was assessed by wholemount in situ hybridization (Fig. 8) . Transcript level is very low and long processing times were necessary to detect signals. Zebra®sh dlg3 is transcribed in trunk and tail from mid-somitogenesis on, in somitic cells adjacent to the notochord. An anterior to posterior gradient of staining intensity can be observed, which re¯ects the successive formation of somites. At the end of somitogenesis, the somitic expression ceases and staining appears in the notochord. As the trunk straightens, this expression also fades away, whereas ventrally located somitic cells, possibly sclerotomal cells, as judged by resemblance to the expression pattern of the sclerotomal marker gene zf-twist (Nornes et al., 1996) , show prominent staining.
Expression in the head region is con®ned to the telencephalon. At the 26-somite stage, two bilaterally located, anterior clusters of cells, presumably the olfactory placodes, Fig. 3 . Southern analysis of hmp mutant larvae and a sibling with wild type genotype. EcoRI digests of genomic DNA were blotted and hybridized to a radioactively labeled, 1 kB genomic fragment¯anking the insertion site; both wild-type and insertion chromosomes are positive for a 0.9-kB restriction fragment; the insertion chromosome, however, harbors an additional 0.75 kB band, while a 4 kB band is detected in wild-type DNA; all mutant individuals display the fragment pattern indicative of the homozygous presence of the insertion chromosome. Fig. 4 . Representative mapping PCR on haploid embryos with RAPDprimer 15N. haploid embryos derived from a heterozygous female were divided into two groups, one comprising transgenic, the other non-transgenic individuals; PCR fragments ampli®ed with the decamer primer 15N are either present in all individuals of both groups or are distributed randomly; the 800-bp fragment, however, is present in all of the non-transgenic embryos and absent in nine of the 10 transgenic embryos; the transgenic individual #9 displaying the 800 bp fragment represents a recombination event; analysis of a larger number of embryos shows that this polymorphic 800-bp marker must be located about 4 cM from the lacZ insertion.
show expression. In addition, at later stages the olfactory bulbs are clearly positive for zebra®sh dlg3 transcripts. Transcripts can also be detected in the ear placodes, trigeminal ganglia, hatching gland and pectoral ®n buds.
Since the insertion of the gene trap construct in the da line has occurred in a large intron located upstream, in the 5 H region of zebra®sh dlg3 (Fig. 7) , it may interfere with normal expression of the gene. However, no defects in zebra®sh dlg3 transcription were detected in the mutants, either by in situ hybridization or RT-PCR (Fig. 9 ).
A second mutant hmp isolate
In a small-scale mutagenesis screen using ENU as mutagen (S. Kuhn, S. Wendler and J.A. Campos-Ortega, unpublished data), a zebra®sh line giving rise to mutant offspring with a phenotype identical to that of hmp ®shes was established. Gametes from animals of this strain failed to complement the hmp mutant phenotype of line da. In the following we refer to the transgene-associated isolate as hmp`tg' and to the isolate obtained from the animals subjected to ENU mutagenesis as hmp`SK'.
To detect molecular lesions in the zebra®sh dlg3 gene, we cloned and sequenced the translated part of the hmp`SK' gene from mutant larvae by RT-PCR. Compared with the wild-type sequence obtained from cDNA clone F, we found two single base pair exchanges in zebra®sh dlg3 of hmp SK' mutants; both lead to non-conservative amino acid exchanges in the guanylate kinase domain of the protein (G to A at position 1367, resulting in an R to H exchange; A to T at position 1677 causes a K to N exchange). We then ampli®ed by PCR parts of the zebra®sh dlg3 gene from hmp tg' mutants and both base pair exchanges were also present in the DNA of these individuals. These ®ndings suggest that the observed nucleotide exchanges, and presumably also the hmp`tg' mutation, were present in the ®sh population before DNA microinjection and ENU mutagenesis were done. Therefore we checked a number of other strains kept in our facility for the hmp mutation by complementation analysis and, indeed, we found another strain which had not been subjected to mutagenesis at all, in which hmp non-complementing animals were present. Sequence analysis of mutants from this strain (hmp`#16') also uncovered the two point mutations observed before.
To test whether the base exchanges in zebra®sh dlg3 are causally related to the hmp phenotype, we analyzed the segregation behavior of base exchanges and mutant pheno- , 1998 ; see that paper for explanation of marker and gene nomenclature); numbers to the left designate genetic distances in cM. The RAPD marker 15N800 was found to be linked tightly to both insertion and mutation, and placed on linkage group 12 between the genes for embryonic globin and supervillin. In a three-point analysis, the segregation behavior of insertion and mutation was determined in relation to CA-repeat marker z4188; both are located distal to marker 15N800 and proximal to z4188. Fig. 6 . Sequence at the insertion site in the wild-type strain (upper strand) and in the transgenic strain (lower strand). The insertion chromosomes display a 15 bp deletion which includes genomic BglII restriction site. The sequence of the insertion chromosome was inferred by analyzing the transition from vector segments (SV40pA, en2 intron) to genomic DNA in the 3 H and 5 H inverse PCR fragments.
type. Individuals from the strains hmp`tg', hmp`SK' and hmp`#16' were identi®ed as either homozygous wild-type, heterozygous or homozygous mutant by crossing them to tester ®shes known to be heterozygous for the hmp mutation. Subsequently, fragments containing the positions under discussion were PCR-ampli®ed from genomic DNA isolated from these individuals and sequenced directly. In this way, we could determine whether the base exchanges in zebra®sh dlg3 were present in homozygous or heterozygous condition in a given individual (Table 2) . We tested 23 ®shes and found the zebra®sh dlg3 wildtype sequence always to be present in homozygous condition in the wild-type, the point mutations always to be the hmp mutant specimens were always homozygous for both point mutations. Individuals identi®ed as heterozygous for the hmp mutation always were heterozygous for the base exchanges.
Discussion
The mutation hmp affects body shape, becoming evident late in embryogenesis, after completion of somitogenesis. Mutations with similar phenotypes were identi®ed several times during ENU mutagenesis screens in the zebra®sh, but they were not analyzed in detail as they did not obviously affect early patterning processes (W. Driever, M. Hammerschmidt, personal communications). The embryonic phenotype is already clearly visible when sclerotomal cells start to leave their place of origin in the ventromedial part of the somites and migrate dorsally to envelope the notochord (Morin-Kensicki and Eisen, 1997), long before cartilage formation and ossi®cation begin; adult mutants show malformed and ankylotic vertebrae. It is not clear how these adult phenotypic defects develop, as no morphological differences from the wild-type, apart from the bent longitudinal body axis, were detected at stages of development prior to the appearance of bone defects. However, several possibilities are compatible with the expression pattern of zebra®sh dlg3 and the fact that it encodes a MAGUK protein. We discuss this point in more detail below.
Genetic mapping with the aid of RAPD markers placed insertion and mutation on zebra®sh chromosome 12 in a small chromosomal segment spanning not more than about 3 cM. This ®nding encouraged us to clone the genomic DNA surrounding the insertion site, in order to look for transcription units whose function might be perturbed by the insertion. Considerable sequence similarity and preliminary data on genomic organization and chromosomal localization strongly suggest that the insertion has occurred in the zebra®sh homologue of human DLG3 (Smith et al., 1996) . This gene is located in a chromosomal segment showing conserved synteny to chromosomes in other vertebrate species (Postlethwait et al., 1998) . Genes for several genes, among them a retinoic acid receptor, supervillin and a HOX cluster, for example, are found in the same order in region q12 to q21 on human chromosome 17 (Fig. 10) . The human gene for DLG3 was located in exactly that region, between the genes for a retinoic acid receptor and supervillin (Smith et al., 1996) : at a position that mirrors that of the DNA insertion in the zebra®sh line described H and 3 H inverse PCR fragments used to clone the insertion region. (c) Organization of the genomic region¯anking the insertion site (numbers designate the sizes of genomic EcoRI fragments); note the position of the neighboring zf-dlg3 exon and a repetitive element close to the insertion site. (d) cDNAs isolated by screening with genomic probes¯anking the insertion site; whereas cDNAs B and G share only the repetitive element, cDNA F (derived from the zebra®sh dlg3 gene) contains a small exon which is located about 1 kB from the insertion; integration has occurred in a 5
H intron of the zf-dlg3 gene.
here. Interestingly, a dominant human congenital disease leading to ankylotic fusions of bones in hand, feet and ear (proximal symphalangism, SYM1) was mapped in close proximity to the human DLG3 gene (Polymeropoulos et al., 1995) . Since the severity of the phenotype of hmp`tg' is similar to that of the hmp`SK' and hmp`#16' isolates, the insertion in the zebra®sh dlg3 transcription unit does not seem to play any major role in the production of the mutant phenotype. As the injected gene-trap construct contains a splice acceptor site and is inserted in an orientation compatible with formation of fusion transcripts, interference with normal zebra®sh dlg3 function is in principle possible. In addition, the integration of the gene trap construct took place in an intron of the zebra®sh dlg3 gene (Fig. 7) , for a small 120 bp exon coding for an amino-terminal portion of the protein lies about 900 bp away from the insertion site. However, we could not detect b-galactosidase activity in transgenic ®shes, which would indicate the formation of functional dlg3/lacZ fusion transcripts, nor did we observe a decrease in transcript level or any changes in restriction fragment size in the mutants. Based on all these ®ndings, we conclude that the transgene insertion is apparently not the cause of the mutation. Rather the insertion occurred fortuitously in a gene which was already mutated. Therefore, the data suggest that the two nucleotide exchanges leading to nonconservative amino acid exchanges at positions 453 and 557 in the guanylate kinase domain of zebra®sh dlg3 are responsible for a change in gene activity.
While this scenario appears quite improbable, two lines of evidence support the contention that zebra®sh dlg3 codes for the protein function disrupted in hmp mutants. First, we found two base exchanges in a functional domain of the zebra®sh dlg3 gene that cosegregate with the hmp mutant phenotype. These base exchanges were identi®ed in three different strains with different genetic backgrounds isolated from our ®sh stocks, including the line containing the transgenic insertion. We found that the base exchanges were always present in homozygous condition in hmp mutant individuals, whereas wild-type siblings heterozygous for the mutation were also heterozygous at the molecular level. Correspondingly, sibling individuals with wild-type hmp alleles had the wild-type base sequence in homozygous form. The mutant phenotype could not be separated from the base exchanges in zebra®sh dlg3. These data also suggest that both exchanges were already present in our ®sh population prior to our insertional mutagenesis project. Second, the pattern of zebra®sh dlg3 transcription and the assumed function of MAGUKs in cell adhesion and/or proliferation control (Stewart et al., 1972; Woods and Bryant, 1993) are compatible with a role for zebra®sh dlg3 in vertebra formation. The most prominent expression domain is in the ventral part of the somites and, transiently, in the notochord, the tissues from which the vertebral column is derived. Zebra®sh dlg3 might be an important factor in regulating the movements and changes sclerotomal cells undergo during the process of osteogenesis. A loss of zebra®sh dlg3 function could therefore lead to a disturbance of cell adhesion in ossi®cation centers and to the observed bone morphogenetic defects. As an alternative, defective coordination of proliferative activities in different tissues might also account for the body axis bending in hmp mutants. Asymmetric growth of different tissue units has, for example, been reported to cause the bends observed in the axial skeleton of curly tail mutant mice (Copp et al., 1988) . In that case, the vertebral malformations observed in adult individuals might be a secondary effect of the mutation.
De®nitive proof for a causal relationship between mutations in zebra®sh dlg3 and a hmp mutant phenotype, however, is still lacking, and will have to be provided in the future by rescue experiments or by isolation of other hmp alleles also displaying molecular lesions in zebra®sh dlg3.
In Drosophila, three recessive mutations in the MAGUK gene lethal(1) discs large are known to truncate the guanylate kinase domain (GK domain) of the protein; two of them lead to lethality associated with a loss of epithelial tissue organization and excessive cell proliferation. While these mutations demonstrate the importance of the GK domain for the protein's function, its mode of action in MAGUKs was unclear for a long time. Recent studies, however, show that the GK domain also serves as a site for speci®c protein interactions, i.e. with microtubule-associated protein 1A (MAP1A; Brenman et al., 1998 ) and a protein of hitherto unknown structure called guanylate kinase-associated protein (GKAP; Kim et al., 1997) . Furthermore, it has been suggested that intramolecular interactions between the different domains of MAGUK proteins occur, modulating their binding af®nity for their respective partners, since an isolated GK domain of PSD-93 binds much more effectively to MAP1A than does a GK domain in the presence of a PDZ domain (Brenman et al., 1998) .
In that context, one or both of the non-conservative amino acid exchanges in zebra®sh dlg3 associated with the hmp mutation might delineate positions important for proper function of the GK domain, either necessary for interaction with MAP1A-or GKAP-like proteins or for intramolecular interaction with PDZ domains. More detailed analyses of the effects of MAGUK gene constructs with targeted mutations in the GK domain should help to substantiate this contention in the future.
Experimental procedures
DNA microinjections
DNA injections and crosses were generally performed in the genetic background of a wild-type strain derived by inbreeding zebra®sh obtained from a local pet-shop (named`Cologne' background in this text). Zebra®sh zygotes at the one-or two-cell stage were injected with a linear 4.6 kb DNA fragment of the mouse gene-trap vector Fig. 9 . RT-PCR on genomic or cDNA from 30h embryos that express the hmp mutant phenotype, their heterozygous or homozygous wild-type siblings, or embryos derived from a wild-type stock. A primer pair designed to amplify a 5 H fragment of zf-dlg3 generated a band with the expected size of 950 bp from cDNA, but not from genomic DNA, indicating the presence of large introns. The 950-bp fragment is generated by cDNA from wild-type as well as from hmp mutant ®sh. To compare the relative amounts of zf-dlg3 transcripts in wild-type and hmp mutant embryos, the concentration of fragments was monitored during the linear phase of PCR ampli®cation (detectable here starting with the 30th PCR cycle): no clear difference in band intensities between wild-type and mutant embryos could be detected (right); primers that amplify a fragment of the zebra®sh gene for elongation factor 1a served as a positive control and a control for the absence of genomic DNA in cDNA preparations (size shift on genomic DNA indicating a small intron).
pGTi (Schuster-Gossler et al., 1994) . This fragment contains an intron from the mouse En 2 gene, a triple splice acceptor site from Murine Moloney Leukemia Virus (Lazo et al., 1987) , an ATG start codon and the reporter gene lacZ (see Fig. 7 ). DNA microinjections were performed in 1/3 Zebra®sh Ringer solution using back-®lled ®lament capillaries. A volume of approximately 15±20 nl of DNA solution was injected per egg. Since restriction enzymemediated integration has been shown to increase the transformation ef®ciency substantially in a number of organisms (Schiestl and Petes, 1991; Kuspa and Loomis, 1992; Kroll and Amaya, 1996) , BglII and XbaI were coinjected at a ®nal concentration of 0.1 U/ml in some cases.
Screening for transgenic ®sh lines
The strategy used to identify transgenic insertions has been described before (Culp et al., 1991; Bayer and Campos-Ortega, 1992; Lin et al., 1994) . Offspring of potential founder ®shes were pooled at 24±30 h in batches of 40 individuals and their genomic DNA was isolated according to a standard protocol for PCR template preparation (Wester®eld, 1994) . Possible transmission of the injected DNA could then be tested directly by PCR analysis with a primer pair speci®c for the gene trap construct (1±2 ml per 25 ml reaction; 0.05 U/ml Taq polymerase; 0.4 mM primers; 0.2 mM dNTPs; 1.5 mM MgCl 2 ; 8% glycerol; 36 cycles). Three batches of embryos for each potential founder ®sh were tested and if a batch reproducibly yielded a positive ampli®cation signal, siblings of the embryos were raised to adulthood and their genomic DNA was prepared from ®n fragments (50 ml lysis buffer). Adult F1 individuals carrying a given insertion in heterozygous form were identi®ed by PCR on DNA preparations from ®n clips, and stable transgenic lines were established. When heterozygous transgenic siblings of opposite sex were isolated, their offspring were tested for cosegregation of possible mutant phenotypes with the insertion.
Southern and dot blot analyses
For genomic Southern analyses, 6±8 mg of phenol/chloroform-puri®ed genomic ®sh DNA (Wester®eld, 1994) was digested with 100±150 U of the appropriate enzymes. The fragments were separated on a 0.8% agarose gel, blotted under alkaline conditions to a nylon membrane (Hybond N 1 , Amersham) and hybridized to radioactively labeled probes. For dot blot analysis, crude genomic DNA was prepared from ®sh tissue (single larvae or a ®n fragment; Stuart et al., 1988) .
Isolation and sequencing of zebra®sh dlg3 clones
For isolation of genomic DNA clones, a plaque hybridization screen was performed on a genomic library (72 h larvae; kindly provided by Scott Stachel) according to standard protocols. DNA from candidate clones was isolated from phage lysates and characterized by restriction analysis, Southern hybridization and sequencing. DNA extraction and cycling conditions for isolation of speci®c gene fragments from the zebra®sh genome by conventional PCR were as described for the screening procedure. For inverse PCR, genomic DNA was isolated and restricted as described for Southern analysis, and subsequently religated. Subfragments of genomic phage clones were used to screen a lambda-ZAPII (Stratagene) cDNA library from 20-to 28-h-old zebra®sh embryos (kindly provided by David Grunwald) and cDNAs of interest were propagated in pBluescript SK-after in vivo excision. Clones were checked by restriction analysis, cross-and in situ hybridization.
Most of the sequence data reported here were derived by sequencing only one DNA strand; therefore, they should be considered as preliminary. The sequence of zebra®sh dlg3 (cDNA F), however, was determined on both strands (the coding region was checked several times) and may be regarded as ®nal.
Mapping
To map the insertion and the humpback mutation geneti- Fig. 10 . Syntenic regions on zebra®sh linkage group 12, human chromosome 17 and mouse chromosome 11. The order of several genes between dlx3 and a HOX cluster is conserved between ®sh, man and mouse; the human DLG3 gene and the zebra®sh RAPD marker 15N800 indicative of the transgene insertion have very similar chromosomal positions. The databases http://www.ncbi.nlm.nih.gov/Homology/; http://www3.ncbi.nlm.-nih.gov/Omim/searchomim.html and http://www.informatics.jax.org/ searches/marker_form.shtml were used. In the ®gure, a parenthesis means that the location was inferred by comparative mapping using the mouse/ human homology database http://www.ncbi.nlm.nih.gov/Homology/. cally the strategy described by Postlethwait et al. (1994) was applied. Haploid embryos derived from heterozygous females, carrying one set of chromosomes of`Cologne' background (bearing insertion and mutation) and another set of AB chromosomes (Streisinger et al., 1981) , were generated (Wester®eld, 1994) , and genomic DNA was isolated from single embryos. Sixty different RAPD primers were tested on pools of DNA from either 36 wildtype or 36 transgenic individuals in a bulk segregant analysis (Michelmore et al., 1991) to identify a marker close to the insertion site. PCR reactions for ampli®cation of RAPDs were set up in a 25-ml volume, with 1.2 U of Taq polymerase (Promega), 0.1 mM dNTPs, 1.5 mM MgCl 2 , 120 ng/ml BSA, 0.001% gelatin and 25 ng of a given RAPD primer (purchased from OPERON Technologies, Alameda, CA).
To incorporate marker 15N.800 into the genetic map of the zebra®sh genome, we subcloned and sequenced the 800 bp fragment and designed PCR primers speci®cally amplifying a 580-bp genomic fragment in the vicinity of insertion and mutation. This fragment contains a recognition site for MnlI that is polymorphic in the reference mapping population on which the linkage map for the zebra®sh genome is based. This restriction site polymorphism enabled a correlation of the fragment to markers placed on the map.
Isolation of RNA from zebra®sh embryos and RT-PCR
RNA for RT-PCR analyses was isolated from zebra®sh embryos (20±40 h old), using the RNA-Clean TM method (AGS, Heidelberg, Germany). Reverse transcription of RNA was performed with 200 U of SuperScript TM reverse transcriptase (Gibco/BRL). For subsequent ampli®cation of speci®c transcripts by PCR, 0.5 ml of the sample served as template. Cycling conditions were as described for the screening procedure.
Histological methods
Staining for antibodies or in situ hybridization was performed as described previously (Schulte-Merker et al., 1992) . Monoclonal antibody zn12 (Trevarrow et al., 1990) was used for visualization of the neuronal pattern. For in situ hybridizations digoxigenin-labelled antisense RNA probes were synthesized from full length ntl (Schulte-Merker et al., 1992), her1 (Mu Èller et al., 1996) , myoD (Weinberg et al., 1996) , twi (Halpern et al., 1995) and pax9 (Nornes et al., 1996) and zebra®sh dlg3 cDNA clones. Alizarin/Alcian bone-cartilage preparations and stainings of adult zebra®sh individuals were adapted from a variety of protocols based on the method described by Wassersug (1976) .
